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Introduction
Since the first report on organic electroluminescence (EL) in 1987, 1 there has been continued interest in the development of organic light-emitting diodes (OLEDs) for use in the next generation of display and lighting technologies. Over the past two decades, phosphors based on third-row, late transition-metal complexes have emerged as compelling molecules in these areas of research, offering high luminescent efficiencies. Whilst organic emitters are best described as fluorescent materials, which emit only through singlet excitons (i.e. only 25% of the total excitons), the efficient singlet/triplet intersystem crossing induced by the third-row transition-metal elements allows efficient harvesting of both the singlet and triplet excitons generated during electrical excitation, which, in the ultimate limit, can give rise to an unitary internal quantum efficiency. 2 In this regard, Os(II), Ir(III) and Pt(II)
complexes have attracted much attention because of their great potential to exhibit both greater emission efficiency and color tunability through control and optimization of the supporting ligand spheres. with formula [Ir(dpyx)(ppy)Cl], dpyxH = 4,6-dipyridylxylene, using both bidentate and tridentate cyclometalating ligands. 5 In contrast, studies on the bis-tridentate Ir(III)
complexes, have met only with limited success, 6 among which [Ir(dpyx)(dppy)] (dppy = 2,6-diphenylpyridine) and [Ir(fpbpy)(dppy)] (fpbpy = 6-(5-trifluoromethylpyrazol-3-yl)-2,2′-bipyridine) provided the basic model, i.e. the need for a pair of monoanionic and dianionic chelates in assembling the charge-neutral bis-tridentate architecture (Chart 1). 7 Recently, we also discovered that the azole-containing dianionic chelate such as 2-(pyrazol-3-yl)-6-phenylpyridine can be employed in the preparation of the relevant bis-tridentate Ir(III) complexes with tunable color and enhanced efficiencies that are desirable for OLED applications.
8
-5 -Chart 1: Ir(III) complexes featuring two distinctive tridentate chelates.
However, due to the enhanced stabilization effect exhibited by tridentate ligands, these complexes are expected to be even more kinetically stable than the traditional tris-bidentate counterparts. Therefore, bis-tridentate complexes offer the possibility of further improved chemical stability and resistance against cleavage of metal-ligand bonds upon chemical or electrical excitations, as well as increased structural rigidity, which may subdue the undesirable non-radiative decay processes.
These expectations motivate us to investigate the generalized design and routes that could afford the bis-tridentate Ir(III) complexes, and further explore their potential for use as phosphors for efficient OLED applications.
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Chart 2:
The tridentate chelate precursors employed in this study.
Bearing this in mind, we have prepared charge-neutral Ir(III) phosphors using the monoanionic tridentate chelate phpyim i.e.
4-(t-butyl)-2-(2,4-difluorophenyl)-6-(3-isopropyl-imidazol-2-ylidene)pyridine, from
[phpyim-H 2 ] + salts, and various dianionic tridentate chelates with the 2-pyrazol-3-yl-6-phenylpyridine core skeleton, from their precursors i.e.
2-(5-trifluoromethyl-1H-pyrazol-3-yl)-6-(4-fluorophenyl)pyridine (L1-H 2 ), 2-(5-trifluoromethyl-1H-pyrazol-3-yl)-6-(4-trifluoromethylphenyl)pyridine (L2-H 2 ), 2-(5-trifluoromethyl-1H-pyrazol-3-yl)-6-(4-t-butylphenyl)pyridine (L3-H 2 ), 2-(5-trifluoromethyl-1H-pyrazol-3-yl)-6-naphthylpyridine (L4-H 2 ) and 1-phenyl-3-(5-trifluoromethyl-1H-pyrazol-3-yl)isoquinoline (L5-H 2 ) showed in Chart 2.
As similar dianionic tridentate chelates are known to form stable complexes with the isoelectronic Ru(II) and Os(II) metal atoms, 10 we anticipated that these ligands are equally suitable for the synthesis of the respective charge-neutral, bis-tridentate Ir(III)
phosphors. Indeed, the successful coordination of both phpyim and dianionic chelates L1 -L5 around the Ir(III) metal center have led to the isolation of bis-tridentate Ir(III) complexes [Ir(phpyim)(Ln)] n = 1  5, (1  5) with the observed emission color ranging from cyan (1) to orange-red (5 -7 -
Chart 3:
The bis-tridentate Ir(III) complexes discussed in this study.
Results and Discussion
Synthesis and structural characterization. The precursor to the monoanionic tridentate chelate 4-(t-butyl)-2-(2,4-difluorophenyl)-6-(3-isopropyl-imidazol-2-ylidene)pyridine (phpyim-H 2 )PF 6 , was synthesized using a multi-step protocol (Scheme 1). First, treatment of 4-(t-butyl)-2,6-dichloropyridine and imidazole in the presence of tetrabutylammonium bromide (NBu 4 Br) as a phase transfer catalyst afforded the pyridine-imidazole derivative. This imidazole derivative was then reacted with 2,4-difluorophenylboronic acid in the presence of catalytic Pd(dppf)Cl 2 to form 4-(t-butyl)-2-(2,4-difluorophenyl)-6-(1H-imidazol-1-yl)pyridine. Subsequently, the isolated phenyl-pyridine-imidazole derivative was treated with 2-iodopropane in Single crystal X-ray diffraction studies of the Ir(III) complexes 1 and 5 confirm the co-existence of two tridentate chelates arranged in the orthogonal, bis-tridentate bonding mode (Figures 1 and 2 ). The monoanionic phpyim chelate of both complexes exhibits short Ir-C distances for the terminal phenyl and carbene fragments (c.f. Ir-C(1) The X-ray analysis of 6 showed two crystallographically independent, but structurally similar molecules within the crystal lattices, for which only one is depicted in Figure 3 . Like in 1 and 5, the tridentate phpyim chelate has the phenyl and imidazolylidene Ir-C distances of 2.051(3) and 2.027(3) Å and a contracted Ir-N distance of 1.996(2) Å. However, the L5-H ligand is now coordinated to the Ir(III) atom with pyrazolate located trans to the central pyridine unit of phpyim. As a result, the phenyl group of L5-H resides opposite to the hydride and adopts a twisted orientation versus the chelate to reduce steric interaction with the phpyim chelate.
-10 - In Table 1 Electrochemistry. The electrochemical behavior of these Ir(III) complexes was measured, for which the corresponding redox data are listed in Table 2 . Each of the complexes 1-5 showed a reversible metal-centered oxidation peak potential (E -14 -
The triplet energies (albeit with zero oscillator strength in these computational models which ignore spin-orbit coupling) on the optimized ground state geometries were calculated to give some insight into the nature of the emission in these Ir(III) complexes 1-5. It is assumed here that the nature of the emission mirrors the absorption data obtained from the optimized S 0 ground state geometries. The TD-DFT calculated S 0 T n transition energies do not take into account the Stokes shifts expected from S 0 T n transitions, and hence the predicted emission energies would be over-estimated. 12 Hence, the predicted absorption energies are converted by assuming a Stokes shift energy scaling factor for predicted emission energies which are in excellent agreement with the observed emission maxima (Table 1) . The S 0 T 1 transition is rather well described as In this study, optimization of the device architecture was achieved following a sequence of (i) selecting a suitable host material for the emission layer (EML), (ii)
choosing an appropriate hole-transport layer (HTL) and electron-transport layer (ETL), (iii) adjusting the thickness of the HTL, and (iv) varying the dopant concentration.
Considering the triplet energy gaps (E T ) of 2 and 5, the host materials should possess triplet energy gaps higher than 2.7 eV to ensure sufficient energy transfer as well as exciton confinement. In addition, hosts with bipolar transport capability allow for the convenient adjustment of carrier recombination and carrier balance. Four potential hosts including 4,4'-N,N'-dicarbazolebiphenyl (CBP), 3-bis(9-carbazolyl)benzene (mCP), 2,6-bis(3-(9H-carbazol-9-yl)phenyl)pyridine (26DCzppy), 2,6-di(9H-carbazol-9-yl) pyridine (PYD-2Cz) were tested. 14 Experimental results showed that superior carrier balance was obtained by using the CBP host. The respective maximum EQE of OLEDs with CBP, mCP, 26DCzppy, and PYD-2Cz hosts were evaluated to be 10.7%, 9.7%, 10.6%, and 9.8%. Thus, mCP and CBP were respectively chosen as the host materials for complexes 2 and 5 based on the outcomes of host-guest tests.
Because of the mismatched refractive indices of the ITO and organic layers, the thicknesses of ITO and HTL would also affect the out-coupling efficiency. 15 Based on our previous experience, the thicknesses of ITO for green and red phosphorescent
OLEDs were set at 70 nm and 90 nm, respectively. In addition, the hole mobility of TAPC was reported to be 10 -2 cm 2 /Vs, allowing us to alter the thickness of HTL without significantly increasing the operation voltage. Figure S7) . The results indicate that the optimal thickness of TAPC was 70 nm and 40 nm for green and red OLEDs, respectively. Figure 6 presents the structures of the employed materials along with the schematic architecture of the as-fabricated OLEDs.
The EL spectra of the above mentioned OLEDs are shown in Figure 7 (a). All
OLEDs showed EL spectra similar to the respective PL spectra of 2 and 5, confirming the effective energy transfer between the host and guest as well as the carrier recombination well within the EML. 17 Hence, the installed HTL and the ETL have provided good confinement and avoided the exciton diffusion to the adjacent layers. 18 The slight variation in EL in both devices is mainly due to the different optical interference. 19 Moreover, the corresponding green and red devices showed unchanged. Based on these findings, the optimized TAPC thickness was set as 70 nm and 40 nm for the devices G and R, respectively. This architecture was further optimized using 2 and 8 wt.% of dopants. The EL characteristics as well as the corresponding numerical data of the tested devices are depicted in Figure 7 and 
Experimental section:
General Information and Materials. All reactions were performed under a nitrogen atmosphere and solvents were distilled from appropriate drying agents prior to use. Commercially available reagents were used without further purification unless otherwise stated. 4-(t-Butyl)-2,6-dichloropyridine was prepared by a consecutive double chlorination of 4-t-butylpyridine. 23 The dianionic tridentate chelates with 2-pyrazol-3-yl-6-phenylpyridine class of core skeleton, i.e.
2-(5-trifluoromethyl-1H-pyrazol-3-yl)-6-(4-fluorophenyl)pyridine (L1-H 2 ),
2-(5-trifluoromethyl-1H-pyrazol-3-yl)-6-(4-trifluoromethylphenyl)pyridine (L2-H 2 ),
2-(5-trifluoromethyl-1H-pyrazol-3-yl)-6-(4-t-butylphenyl)pyridine (L3-H 2 ), 2-(5-trifluoromethyl-1H-pyrazol-3-yl)-6-naphthylpyridine (L4-H 2 ) and
1-phenyl-3-(5-trifluoromethyl-1H-pyrazol-3-yl)isoquinoline (L5-H 2 ) were prepared using the reported method, followed by hydrazine cyclization. -28 - -31 - Table 1 . Photophysical data of the studied Ir(III) complexes 1 -5 and TD-DFT studies.
abs λ max / nm (ԑ x 10 4 M -1 cm -1 ) [a] PL em λ max [b] Q.Y. % [b,c] calc. em λ max [d] τ obs /μs [a] Measured in CH 2 Cl 2 with a concentration of 10 -5 M at RT.
[b] Emission peak maxima (in nm) measured in degassed CH 2 Cl 2 solution at RT.
[c] Coumarin (C153) in EtOH (Q.Y. = 58 % and λ max = 530 nm) and 4-dicyanomethylene-2-methyl-6-(4-dimethylaminostyryl)-4H-pyran in DMSO (Q.Y. = 80 % and λ max = 637 nm) were employed as standard.
[d] Emission peak maxima (in nm) predicted from TD-DFT computations. Table 2 . Electrochemical and DFT MO energy data for the studied Ir(III) complexes 1 -5.
[a] E 1/2 (mV) refers to [(E pa + E pc )/2], where E pa and E pc are the anodic and cathodic potential peak referenced to the ferrocene (FcH/FcH + = -4.8 eV) in CH 2 Cl 2 solution at RT. 32 [b] E pc is the cathodic peak potential and "irr" denotes an irreversible process. Reduction potential was measured in degassed THF at RT.
[c] HOMO = -4.8 -E obs HOMO (eV) [c] obs HLG (eV) [d] obs LUMO (eV) [e] calc HOMO (eV) [f] calc HLG (eV) [f] calc LUMO (eV) [f] calc LUMO+1 (eV) [ 
